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Abstract 
Organic Rankine Cycle (ORC) is useful to generate electricity from low temperature sources such solar heat (< 
120°C). An ORC system, working with R-245a, is presented and analyzed. The system provides the required electric 
power and the required hot sanitary water of a typical dwelling during one day (24 hours). The system operates 
between a cold source of 25°C and a hot source : water at 120°C in solar hours, when solar flux is available, and 
between a cold source of 15°C and a hot source : water at 98°C coming from the accumulation tank in no-solar hours 
( morning, evening, and night). The maximum generated electric power is 2000 W, and the used daily hot water is 
200 l at 60°C. The required surface of the solar heater is 100 m2 assuming 8 solar hours per day and a mean solar flux 
of 400 W/m2. The advantages of the ORC system are the electricity generation, the hot water production and the low 
cost compared to photovoltaic electric power generation. 
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1. Introduction 
 
Organic Rankine Cycle (ORC) is a power generation cycle that uses organic fluids instead of water as a 
working fluid.  ORC cycles are able to be adapted to a large temperature range to produce energy, 
primarily for energy at low temperature below 120°C. However, solar heaters can provide hot fluids at a 
temperature reaching more 120°C. 
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Upon to assure the required electric power and the required sanitary hot water of a typical dwelling during 
one day (24 hours), an ORC system coupled to a solar heater will be presented and analyzed.  
 
Nomenclature 
h specific enthalpy   kJ/kg   Greeks 
P pressure   MPa   η efficiency  adim. 
Q specific capacity  kJ/kg   Expressions 
 T temperature  °C   IHX Internal Heat eXchanger 
W specific work   kJ/kg    ORC Organic Rankine Cycle 
  
2. ORC system 
 
An ORC is composed of four phases (Fig. 1a and 1b): 
1 - 2: The working fluid exiting the condenser is compressed by a pump from low to high pressure to 
enter the evaporator. 
2 - 3: The high-pressure liquid enters the evaporator in liquid phase where it is heated and vaporized at 
constant pressure by hot fluid. 
3 - 4: The vapor exiting the evaporator expands through the turbine and generates mechanical power. 
4 - 1: The vapor at the turbine discharge enters the condenser where it is condensed at a constant 
pressure. 
  
 
Fig. 1:. Simple ORC ( a)- Scheme of ORC, (b)- T- s diagram 
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The operating principle of the ORC, with hot fluid as a heat source, is as follows (Fig. 1a and 1b): the 
working fluid, sub-cooled liquid at the condenser outlet (point 1) is compressed to high pressure (Point 2) 
to enter the evaporator where it is heated and vaporized by hot fluid.  The fluid vapor leaving the 
evaporator (Point 3) is expanded in the turbine to produce a mechanical work.  The fluid at vapor state 
leaving the turbine (Point 4) is then condensed to complete the cycle. 
 
The ORC efficiency is the ratio between the net work and the heat transferred in the evaporator: 
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net turbine pump 4 3 2 1
cycle
in boiler 3 2
W W  - W (h  - h ) - (h - h )Ș  =  =  = 
Q Q h  - h
(1)
 
The exchange efficiency in heat exchangers is related by a minimum temperature difference between the 
hot fluid and the working fluid, called pinch.  According to the second law of thermodynamics, the 
exchange is only possible if the pinch is greater than zero; if the pinch is zero (theoretical case), the heat 
exchanger should have an infinite surface. 
 
Dimensions of the heat exchanger depend on the value chosen for the pinch.  If the pinch is too small, the 
surface of the heat exchanger will increase. For that, the pinch is fixed at 3 K as an acceptable sizing 
value.  
 
The selection of the working fluid is essential for the efficiency of low-temperature Organic Rankine 
Cycles.  Because of the low temperature, heat transfer inefficiencies are highly prejudicial to the overall 
efficiency.  These inefficiencies depend very strongly on the thermodynamic characteristics of the fluid 
and on the operating conditions. 
Many research studies were mainly focused on low-grade heat ORC like Hung et al.[1], Wei et al.[2], Liu 
et al.[3], Saleh et al.[4], Mago et al.[5], AOUN [6], Dai et al.[7], Pamadopoulos et al. [8]. Different ORC 
systems with different operating fluids were analyzed.  
 
As conclusion, the operating fluid should be non-toxic and non-flammable, presents low GWP (< 1000), 
good availability and low cost, and has thermodynamic properties offering high system efficiency (> 0.4 
ideal efficiency). The fluid R-245a is an optimal choice responding to the different selection criteria. 
 
3. Solar energy 
  
Solar flux is a huge free energy that could be concentrated by different types of radiation sensors even to 
produce directly electric energy by photovoltaic boards, or to generate a hot fluid that can be used in 
heating system ( e.g. producing sanitary hot water) or in generating electricity using an ORC system. For 
the Mediterranean region (e.g. Lebanon), by referring to ASHREA weather data, the solar flux is 
available more than nine months per year, eight hour per day (between 8:00 AM and 4:00 PM) and has a 
mean heat flux of 400 W/m2.  
    
4. Daily electric and hot water consumptions 
 
The electrical consumption of a typical house (floor area of 120 m2) depend of lamps, electronic 
components (television, computer …), white appliances (washing machine, dryer, refrigerator, 
dishwasher…) and hot sanitary water supplied by electrical heater ( 200 l per day at 60°C). In general, the 
electrical heater of sanitary hot water requires more than 2000 W as electrical power. By assuring the 
sanitary hot by solar heater, the daily consumed electrical power varies during the day. For that, the daily 
electrical power is assumed to vary according to table 1. The average required electrical power is 1280 W, 
and the total required electrical energy is 30.8 kWh. 
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Table 1: Daily required electrical power. 
 
Day hour Required Electric Power (W) 
8 -- 16 2000 
16 -- 19 1500 
19 -- 22 1100 
22 -- 6 500 
6 -- 8 1500 
Total electrical energy (kWh) 30.8 
Average electrical power (W) 1283 
 
5. ORC system coupled with solar heater  
 
Upon to assure the daily required electric power and sanitary hot water, an ORC system coupled to solar 
heater could be used. The system (Fig.2) is composed of: 
- A solar heater divided into two parts, 
- An high temperature tank, 
- A low temperature tank, 
- Two water pumps, 
- 4 valves, 
- An evaporator (plate heat exchanger), 
- An internal heat exchanger (plate heat exchanger), 
- A condenser (finned tube heat exchanger), 
- A liquid pump, 
- A turbine coupled to a generator, 
- A condenser fan. 
The heat transfer fluid between the solar heater and the ORC system is water. The system has two 
operating modes: solar hour mode and no-solar hour mode. The 2 tanks are required to assure the system 
operation during the no-solar hours: the Low Temperature tank accumulates water at 60°C and 
atmospheric pressure, and the High Temperature tank accumulates water at 98°C and atmospheric 
pressure (to avoid water evaporation at 100°C).   
 
During solar hours, valves 2 and 4 are closed and valves 1 and 3 are opened, the water pump 2 pumps 
water from LT tank trough a part of solar heater where it will be heated up to 98°C and then accumulated 
in the HT tank. To get a water temperature higher than 100°C, water is compressed up to 0.3 MPa by 
water pump 1, the water evaporation temperature at 0.3 MPa is 133.5°C. So, the pump 1 circulates water, 
at 0.3 MPa and 120°C, through ORC evaporator to evaporate the fluid R-245fa, and then the cooled water 
is heated by the second part of solar heater. 
 
During no-solar hours, valves 1 and 3 are closed and valves 2 and 4 are opened, the water pump 1 
circulates water from HT tank through ORC evaporator, and then the cooled water exiting the R-245fa 
evaporator is accumulated in the LT tank; the water pump 2 is not operating during no-solar hours. 
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Fig. 2: Overall ORC system scheme. 
 
The water pump electrical consumption is considered 50 W, and the condenser fan electrical consumption 
is 150 W (air temperature difference of 10K and air pressure drop of 60 Pa), so Table 2 presents the net 
dwelling generated electrical power of the ORC system. 
  
Table 2: Daily required generated electrical power. 
 
Day hour Required Electric Power (W) 
8 -- 16 2250 
16 -- 19 1700 
19 -- 22 1300 
22 -- 6 700 
6 -- 8 1700 
Total electrical energy (kWh) 36000 
Average electrical power (W) 1500 
 
For the ORC system, the operating conditions are: 
- The condensation temperature during solar hours is 35°C and 25°during other hours. 
- The ambient air temperature during solar hours is 25°C and 15°during other hours. 
- The sub-cooling at the condenser outlet is 2K. 
- The evaporator water inlet temperature during solar hours is 120°C. 
- The evaporator water inlet temperature during no-solar hours is 98°C and the water outlet 
temperature is 60°C. 
- For the evaporator, a temperature pinch of 3K is considered. 
394  E. Bou Lawz Ksayer / Energy Procedia 6 (2011) 389–395
- An internal heat exchanger IHX is integrated to the simple ORC system to improve the cycle 
efficiency. The internal heat exchanger exchanges heat between the turbine outlet flow and the 
liquid pump outlet low with an efficiency of 90%. 
According to the ORC operating conditions, the optimized parameters of the ORC system are calculated 
and listed in Table 4. 
 
  Table 3: ORC operating parameters. 
 
Operating parameters Solar hours Other hours 
ORC fluid R-245fa R-245fa 
T inlet water (°C) 120 98 
T outlet water (°C) 116 62 
Pcond (MPa) 0.212 0.148 
Global Efficiency (%) 14.35% 9.60% 
T cond (°C) 35 25 
Subcooling (K) 2 2 
P evaporator (MPa) 1.742 0.578 
 T evaporator (°C) 115 68 
Evaporator superheat (K) 0 0 
IHX  efficiency (%) 90% 90% 
Pump efficiency (%) 90% 90% 
Turbine efficiency (%) 85% 85% 
Turbine expansion ratio 8.2 3.9 
 
The global efficiency of ORC system is 14.35% during solar hours and 9.60% during non-solar hours for 
turbine efficiency of 85%. Therefore, the daily total thermal energy required to generate the daily 
electrical power is 1.126 MJ (313 kWh), 451500 kJ for the solar heater part supplying water at 120°C and 
675000 kJ for the solar heater part supplying water at 98°C, so for the eight solar hours, the required solar 
heating capacity is 39.125 kW.  
For the sanitary hot water, the required heat capacity is 33480 kJ to heat 200 l of city water from 20 up to 
60°C, so for the eight solar hours, the required solar heating capacity is 1.16 kW.   
Therefore, the total required solar heating capacity is 40.3 kW. For a solar flux of 400 W/m2, the surface 
of the solar heater is 100.7 m2, 39.2 m2 for the solar heater part supplying water at 120°C and 61.5 m2 for 
the solar heater part supplying water at 98°C since the sanitary hot water is heated in this part (2.9 m2).  
The required heat capacity during no-solar hours is 675 000 kJ; so to accumulate the energy in water 
between 98 and 62°C, the required amount of water is 4480 kg. By adding the sanitary hot water of 200 l, 
the volumes of the LT tank and HT tank are 5 m3 each. 
6. Conclusions 
 
An ORC system, working with R-245a, is presented and analyzed. The system provides the required 
electric power and the required sanitary hot water of a typical dwelling during one day (24 hours). The 
designed system operates between a cold source of 25°C and a hot source : water at 120°C in solar hours, 
when solar flux is available, and between a cold source of 15°C and a hot source : water at 98°C coming 
from the accumulation tank in no-solar hours ( morning, evening, and night). The maximum generated 
E. Bou Lawz Ksayer / Energy Procedia 6 (2011) 389–395 395
electric power is 2250 W, and the used daily hot water is 200 l at 60°C. The required surface of the solar 
heater is 100 m2 assuming 8 solar hours per day and a mean solar flux of 400 W/m2.  
The advantages of the presented ORC system are the electricity generation, the hot water production and 
the low cost compared to photovoltaic electric power generation.  
The drawbacks of the system are the big volume of the storage tanks (~ 5 m3), and the large surface of the 
solar heater (~100 m2). To decrease the volume of the storage tanks, electrical accumulators could be used 
to store electrical energy during the solar hours. Also, since the ORC efficiency during the solar hours is 
higher than its efficiency during non-solar hours, the use of electrical accumulators will reduces the 
surface of the solar heater. In addition, since the ORC efficiency depends of the solar heater temperature, 
the increase of the heater temperature will increase the ORC efficiency and will decrease the solar heater 
surface.  
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